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a  b  s  t  r  a  c  t
A  hybrid  stereolithography  (SL)/direct  print  (DP)  system  has  been  developed  and  previously  described
that  fabricates  three-dimensional  (3D)  structural  electronic  devices  in  which  component  placement,
interconnect  routing,  and  system  boundaries  are  not conﬁned  to two dimensions  as  is the  case  with
traditional  printed  circuit  boards  (PCBs).  The  resulting  increased  level of design  and  fabrication  freedom
provides  potential  for a reduction  in both  volume  and  weight  as well  as  the  capability  of  fabricating  sys-
tems  in  arbitrary  and  complex  shapes  as  required  to  conform  to unique  application  requirements  (e.g.,
human  anatomy,  airframe  structures,  and  other  volumetrically-constrained  mechanical  systems).  The
fabrication  of  these  devices  without  intermediate  part  removal  between  SL and  DP  processes  requires
in  situ  curing  of  DP-dispensed  silver-based  inks  to sufﬁciently  cure  the  inks  prior  to continuing  addi-
tional  SL  fabrication.  This  paper  describes  investigations  into  the laser  curing  process  using  the  two  laser
wavelengths,  355  nm  and  325  nm,  which  have  been  used  in commercial  SL machines.  Various  laser  cur-
ing  parameters,  including  energy  (laser  power  and  scan  speed),  scanning  location,  and  laser  wavelength
were  investigated.  The  trace  resistances  and  structural  changes  in  the  SL  substrate  and  printed  trace  were
compared  for  each  experiment  to  determine  the  most  preferred  laser  ink  curing method.  Furthermore,
oven  curing  of  partially  laser  cured  ink  traces  was  investigated  as a means  for minimizing  the number
of  in  situ  laser  passes  required  to embed  ink  traces  during  SL  fabrication.  The  laser  curing  process  was
repeated  for  a wide  variety  of  conductive  inks,  having  different  structure,  composition,  and  curing  prop-
erties  to determine  if certain  inks  were  more  responsive  to laser  curing  and  if the  ink  curing  results  could
be generalized.  A  statistical  study  was  conducted  under  the  hypothesis  that  laser  curing of inks  at  325 nm
wavelength  would  be  better,  due  to  lower  silver  reﬂectance,  as  compared  to 355 nm  wavelength.  Results
indicated  that  particulate  silver  based  conductive  inks  can  be successfully  cured  in situ  using SL  lasers
with  various  laser  curing  parameters.  Curing  ink  traces  at high  laser  power  and  slow  scan  speeds  with
the  laser  beam  located  on the substrate  adjacent  to the  ink  channel  resulted  in the  most  effective  ink
curing  but  resulted  in  discoloration  of the  ink  and/or  charring  of  the  SL substrate.  Comparatively,  when
laser  power  was  reduced  sufﬁciently  to eliminate  the  charring,  lower  effective  ink  curing  was  achieved.
Irradiating  the  laser  directly  on the  ink  did not  damage  the  ink  or the  substrate,  while  providing  low  trace
resistances,  and  represents  the  most  viable  laser  curing  alternative  to achieve  acceptable  trace  resistance
without  charring  the  SL  substrate.  The  results  further  indicated  that  partial  laser  curing  of  ink  using  a
reduced  number  of laser  passes  with  subsequent  oven  cure  seem  to work  effectively  and  may  decrease
overall  manufacturing  time.  SL lasers  with low  power  (<100  mW)  may  not  be  effective  for  curing  con-
ductive  inks  that  have  high  viscosities  and  require  high  curing  temperatures.  Finally,  a statistical  study
determined  that  325  nm is  more  effective  for  direct curing  of  the  ink  as compared  to the  355 nm  laser.©  2014  The  Authors.  Publis
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1. Introduction
Electronics require continual advancements in fabrication tech-
nology to provide smaller, lighter, more customizable, and faster
devices. A substantial reduction in circuit volume and weight can
be realized by embedding electronic components within truly
three-dimensional (3D) dielectric substrates at various depths and
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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rientations. For almost two decades, several researchers have been
xploring the capabilities of using traditional additive manufactur-
ng (AM) technology in the context of fabricating and prototyping
unctional products including conformal 3D structural electronic
evices (see Lopes et al., 2012 for additional references). Brieﬂy,
almer et al. (2006) integrated high resolution stereolithography
SL) and micro wire electrodischarge machining (EDM) tech-
ologies to realize a functional high power mesoscale relay, thus
emonstrating the potential for batch assembly of electromechan-
cal systems. De Nava et al. (2008) described a 3D magnetic ﬂux
ensor with microcontroller to illustrate how 3D off-axis placement
f components and routing of conductive traces can potentially
educe the size of electronics packages. To provide an automated
anufacturing environment for developing unique, freeform pack-
ges with embedded 3D structural electronics, Lopes et al. (2012)
emonstrated a combination of SL and direct print (DP) in a single
ybrid manufacturing system (see also Lopes, 2010). The hybrid
L/DP system was utilized to successfully fabricate functional two-
imensional (2D) and 3D 555 timer circuits packaged within SL
ubstrates. A key enabler of 3D structural electronic device fab-
ication is controlled deposition of conductive ink and sufﬁcient
uring (to eliminate resin/ink contamination) of the conductive
races in situ during the manufacturing process. For realizing func-
ional interconnects using DP, a wide range of metals that include
old, silver, copper, and nickel can be utilized (Jagt, 1998).
Although most conductive inks are thermally cured in
emperature-controlled ovens, several researchers have utilized
asers of different wavelengths as an alternative method for selec-
ive curing of a variety of conductive media. The laser curing process
s:
1) much faster than traditional oven curing for curing short con-
ductive traces,
2) capable of localized curing while protecting nearby heat sensi-
tive electronic components and substrates (Fearon et al., 2007),
and
3) an enabler of the fabrication of 3D structural electronic devices
by providing sufﬁcient curing of the conductive traces in situ
during the manufacturing process and thus allowing for fabrica-
tion of subsequent AM layers without ink/resin contamination
(Lopes et al., 2012).
The third aspect allows for the continual fabrication of 3D
tructural electronics (i.e., embedded electrical components and
onductive traces within mechanical structures) using AM equip-
ent such as SL without requiring removal of the partially-built
tructures. There has been quite substantial research into using
asers to cure dispensed conductive media. Bieri et al. (2003) uti-
ized an argon-ion laser at 488 nm wavelength to cure a conductive
nk comprised of 30% gold nanoparticle in a toluene solution with
 goal of manufacturing microstructures from metal nanoparti-
les. The optical absorption depth of the gold nanoparticle toluene
olution increased to over 100 m for wavelengths in the near-IR
egion. The solvent evaporates as a result of the laser irradiation,
hich is absorbed in the gold nanoparticles and results in thermal
iffusion toward the evaporation interfaces (Chung et al., 2004).
almer et al. (2005) fabricated a functional power supply voltage
onverter circuit capable of electromagnetic interference ﬁlter-
ng using an 800 nm femtosecond laser to cure silver based ink
s part of the process. A frequency doubled neodymium doped
ttrium aluminum garnet nanosecond laser having pulse width
etween 3 and 5 ns was utilized by Ko et al. (2006) to sinter an
lkanethiol self-assembled monolayer protected gold nanoparticle
lm on polyimide substrate. Fearon et al. (2007) cured ﬂake based
onductive ink consisting of particulate silver, a resin binder, and
olvents added for lowering viscosity by using an 8.1 W,  10.6 mng Technology 214 (2014) 1935–1945
wavelength, CO2 laser. The ink was cured by laser energy absorp-
tion by the silver particles and resin binder and the resulting heat
buildup evaporated the solvent and cured the resin binder leading
to a continuous network of interconnected silver particulates. The
effect of a range of wavelengths (488–1064 nm)  was examined by
Maekawa et al. (2009), using a variety of laser sources, on laser sin-
tering characteristics of Ag nanoparticles as well as adhesion of the
cured ink to a polyimide substrate. In a direct comparison between
a laser diode (LD) (980 nm, 50 W)  and argon ion (Ar+) laser (488 nm,
1.3 W),  it was found that resistivity decreased with increasing laser
power. Additionally, the lowest resistivity in LD curing was around
5  cm (resistivity of bulk silver is 1.59  cm) at laser power
higher than 3 W,  while the resistivity in the Ar+ laser was 8  cm
at about 0.4 W,  at which the substrate burned out. Kim et al. (2009)
utilized a 532 nm wavelength DPSS solid state laser to cure a silver
based ink and concluded that the laser curing process is shorter
than furnace curing to achieve comparable resistivity. Repeated
irradiations with a 532 nm Nd:YAG laser were utilized by Fu et al.
(2012) to successfully cure particulate silver inks. In their research,
Shang et al. (2013) established relationships between laser traverse
speed and resistivity using a laser assisted direct write (LADW)
method to study the effects of laser curing quality of a silver based
ink using a CO2 laser with different beam intensity proﬁles.
As demonstrated above, several researchers have effectively uti-
lized lasers for curing a variety of conductive inks. In general, for
silver based inks, the curing effectiveness increases with increased
laser power, limited only by the performance of the selected mate-
rials (inks, substrate, etc.) under the irradiation conditions. The
wavelength of the laser inﬂuenced the energy absorption behavior
of the silver ink and affected the ink curing process. Finally, when
scanning a laser beam, the speed of the laser traverse, in addition
to the factors mentioned above, can also affect the resistivity of the
ﬁnal cured ink trace.
Capitalizing on access to the existing SL laser for potential ink
curing, this research demonstrates the use of the standard 355 nm
and 325 nm SL lasers for in situ conductive ink curing to build 3D
structural electronic devices. Adding a specialized laser and scan-
ning mirror system to the existing SL/DP setup for ink curing would
be costly, and thus, this research was  intended to determine if the
existing SL lasers could effectively be used to cure the DP-dispensed
silver-based conductive traces with the goals of:
(1) determining the most viable laser curing method for in situ cur-
ing that enables continued fabrication with the resin-based SL
process,
(2) improving (or decreasing) interconnect resistance,
(3) reducing manufacturing time during the 3D structural elec-
tronic device fabrication process, and
(4) determining the preferred laser curing wavelength among the
two  commercially available SL lasers.
In SL fabrication, each resin has a recommended critical expo-
sure (Ec) and depth of penetration (Dp) so that the laser scan speed
is determined based on the laser power and the resin-speciﬁc Dp
and Ec parameters (Jacobs, 1992). To control the scan speed during
the ink curing experiments, the Ec and Dp parameters were varied.
The effects of several parameters on trace curing were explored,
including laser energy (based on laser power and scan speed), scan-
ning location relative to the ink to be cured, and laser wavelength.
Additionally, the effects of a post-fabrication thermal cure on trace
resistance were explored to determine the minimum number of
laser scanning passes (and thus, minimum time required) for ink
curing in the context of a ﬁnal, full oven cure after SL/DP fabrication.
Laser curing experiments were performed using a variety of inks to
determine if a speciﬁc type of ink was more responsive to curing
by laser as well as to determine if the results could be generalized.
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inally, a statistical study was carried out to compare direct cur-
ng of silver based inks using the 355 nm and 325 nm wavelength
asers. The following sections describe the experiments performed
n this study and the results from these experiments in more detail.
. Systems and materials
.1. SL/DP system
A hybrid SL/DP system developed by Lopes et al. (2012) was  uti-
ized to fabricate the test samples required for the experiments.
ig. 1 shows the hybrid SL/DP system that illustrates a simple inte-
ration of the separate SL and DP systems. The basic conﬁguration
f the hybrid system has been described in several previous publi-
ations (cf., Lopes, 2010). Brieﬂy, a commercial 3D Systems 250/50
L machine (3D Systems, Rock Hill, SC) previously equipped with
 355 nm solid-state laser upgrade (Series 3500-SMPS, DPSS Lasers
nc., Santa Clara, CA) was selected as the SL system. As part of
his study, a 325 nm Omnichrome laser (National RP Support, Pella,
A) was optionally added to this setup for investigating the effect
f wavelength on laser curing. For ink dispensing, an advanced
Scrypt Smart PumpTM 100 (nScrypt, Inc, Orlando, FL) was  selected
s the micro-dispensing DP tool due to the ability to dispense very
mall volumes of material (2 × 10−5 mm3) over a wide range of
iscosities (0.001–1000 Pa s).
The DP pump was attached to the z-stage of the orthogonally-
ligned precision 3-axis linear positioning stages (Parker Hanniﬁn
orporation, Electromechanical Automation Division, Rohnert
ark, CA). The entire DP setup was placed on an optical table
Custom VH3660W IsoStation, Model # 04SI69128, Newport Cor-
oration, Mountain View, CA), which was aligned with the SL
ystem. The 3-axis traverse system was controlled using an inte-
rated programmable logic controller and the nScrypt controller
anaged the DP dispensing process. A DP control program writ-
en in an assembly language script was used to interface between
he control software of the stages and the nScrypt dispensing sys-
em. To accommodate the 325 nm laser, the experimental setup
ncluded a 25.4 mm (1 in.) ﬂipper mount (Model # 9891, New-
ort Corp, Irvine, CA) containing a 25.4 mm (1 in.) diameter Pyrex
at mirror (10D20AL.2, Newport Corp., Irvine, CA), which enabled
witching between the 325 nm and 355 nm SL lasers..2. Materials
The materials used in this study include the SL resin and a vari-
ty of dispensable silver-based conductive inks. Speciﬁcally, theng Technology 214 (2014) 1935–1945 1937
ProtoThermTM 12120 (DSM Somos®, Elgin, IL) resin was  selected
for this research due to the balance of high heat deﬂection tempera-
ture, dielectric strength, and low viscosity. Additionally, the E1660
ink (Ercon Inc., Wareham, MA)  was selected based on low aver-
age volume resistivity (2.7 × 10−7  m or 27  cm) when printed
across a variety of substrates (Lopes et al., 2012). However, the large
particle sizes in the E1660 inks also restrict which printing tech-
nologies and nozzle sizes can be used and consequently can also
limit the spatial resolution of ﬁnal conductive traces. In addition to
the E1660 ink, the in situ laser curing experiment was repeated with
different inks having structure, compositions, and curing proper-
ties fundamentally different than the E1660 ink. As part of these
investigations, the CCI-300 nanoparticle ink (Cabot, Boston, MA),
CB-100 conductive via plug, and CB028 (DuPont Microcircuit Mate-
rials, Research Triangle Park, NC) were analyzed, as summarized in
Table 1. The information in Table 1 was  acquired from the respective
inks’ product data sheets, which are listed in the references section.
For reference, the volume resistivity of bulk copper is 1.68  cm,
which is used in traditional printed circuit boards.
3. Examination of in situ UV laser curing of silver-based
conductive ink
3.1. Background and preliminary work
Lopes et al. (2012) developed a sequence of processes to fab-
ricate 3D dielectric structures, place components within these
structures, and route multilayer electrical interconnect among the
components to complete the structural electronic circuits. The
manufacturing process included a sub-process for intermediate
in situ UV laser curing (at 355 nm)  of the conductive ink traces
previously demonstrated by Medina et al. (2005) using a diode-
pumped solid-state (DPSS) SL laser (Series 3500-SMPS, DPSS Lasers
Inc., Santa Clara, CA).
Lopes et al. (2012) also examined the effect of repetitive laser
scanning on measured trace resistance when scanning on top of
the ink trace as well as on the SL resin in the vicinity of the trace.
The main goal of this experiment was to investigate if heating the
SL substrate using the laser energy enabled a more effective heat
transfer and a more effective volumetric curing mechanism to cure
the ink, as compared to irradiating the laser directly on the ink.
Full details of the experiment can be found in Lopes et al. (2012).
Speciﬁcally, two different scan locations: (1) centered on the ink
within the channel (called ‘on ink’), and (2) centered on the edge of
the substrate/ink interface (called ‘on edge’), provided the lowest
trace resistances after laser curing.
Brieﬂy, the results indicated that scanning the laser on the edge
of the substrate/ink interface (with half of the beam exposing ink
and the other half on the substrate) provided the lowest mea-
sured trace resistance, but also resulted in charring of the substrate
(Fig. 2a). Charring of SL substrate during the SL build may  lead to a
bonding issue between the charred SL layer and the next SL build
layer and result in build failure. Repeated scanning of the laser on
the center of the ink resulted in discoloration (Fig. 2b) of the cured
ink (Lopes et al., 2012).
The laser curing research described in Lopes et al. (2012) simply
demonstrated the potential for using SL lasers to cure silver conduc-
tive inks. Whereas, this research presents a more comprehensive
investigation into the effects of relevant laser curing parameters in
an attempt to minimize resistance, avoid charring of the SL sub-
strate, and minimize overall laser curing time. As a result, this
research aims to understand the effect of laser curing using dif-
ferent laser parameters (laser power and scan speed) and scanning
locations, while providing the same laser energy, as the laser curing
conditions mentioned before. The following sections describe the
1938 A.J. Lopes et al. / Journal of Materials Processing Technology 214 (2014) 1935–1945
Table 1
Different inks utilized for laser curing experiments.
Ink Size of silver
particles (m)
Structure of
particles
Color of ink
mixture
Viscosity (Pa s) Recommended
curing conditions
Volume resistivity
after curing ( cm)
Ercon E1660 20 Flake based Silvery 18.75 138 ◦C for 15 min 12.7–30.48
Dupont CB028 1–10 Flake based Gray 15–30 160 ◦C for 60 min  17.8–25.4
Dupont CB-100 1–5 One part silver
epoxy system
Silvery 115–145 Drying: 110 ◦C for
30 min
Curing: 160 ◦C for
60 min
127–254 (unplated)
Cabot  CCI-300 0.020 Nanoparticle
silver
Green 0.011–0.015 100–350 ◦C for
1–30 min
4–80
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xtensive in situ laser curing experiments that facilitated effective
nk curing without SL part removal during fabrication thus reducing
he overall manufacturing time of 3D embedded electronic systems.
.2. Structural effects of repetitive laser scanning on ink and
ubstrate
Thermal curing during 3D structural electronics fabrication may
equire, for example, exchange of fabricated parts between the
ybrid SL/DP system and a temperature oven for each embedded
onductive trace routing layer. Consequently, in situ UV laser curing
f conductive inks may  allow for continuously fabricating struc-
ural electronic devices without intermediate exchange of a part
etween the SL/DP machine and the curing oven. However, pre-
ious research indicated that laser curing the ink trace using high
aser power at slow scan speeds resulted in discoloration of the
nk and/or charring of the SL substrate. As a result, the goal of this
xperiment was to explore the minimum number of laser passes
equired for effective curing of the E1660 conductive ink without
harring the SL substrate. A test piece was fabricated, using SL, hav-
ng channels, 381 m (0.015 in.) wide, 406.4 m (0.016 in.) deep,
nd 11 mm long. The SL part also included a rectangular pad for
ttaching copper tape which facilitated the trace resistance mea-
urements. The E1660 silver-based conductive ink was deposited in
he channels with an additional ∼1 mm on each side of the channel
o make electrical connections to the copper pads. A separate laser
canning ‘stl’ ﬁle having width of 254 m (0.010 in.) was  utilized to
ure the ink. Several laser curing parameters including laser energy
laser power, scan speed) and scanning location were analyzed as
art of this laser curing experiment.
Fig. 3 illustrates the different scanning locations analyzed for
his experiment: (a) ‘adjacent’ in which the scanning location is on
he SL substrate adjacent to both edges of the ink channel, and (b)
Fig. 2. SEM images of ink/substrate: (a) ‘on edge’ and (b) ‘on ink’ (Lopes– – 1.59
– – 1.68
‘on both edges’ in which the laser scanned half on ink and half on
substrate for both sides of the ink trace. The resulting trace resis-
tances as well as the discoloration and charring effects on the ink
and SL resin were compared with the results of the ‘on edge’ (Fig. 3c)
and ‘on ink’  (Fig. 3d) scan conditions described in the previous work
in Lopes et al. (2012) (see Section 3.1). The experimental conditions
from the previous work and their respective results are referred to
as ‘on ink previous work’ and ‘on edge previous work’ in this section.
The change in trace resistance was recorded every ∼5 J of energy
supplied (recorded as number of laser passes) and the number
of laser passes for each laser curing condition was adjusted to
ensure that the same energy (∼5 J) as the ‘on ink previous work’
and ‘on edge previous work’ cases was  supplied. As a result, each
scan was  repeated as often as necessary to transmit the same total
energy which included two  times for the ‘adjacent faster’ (Fig. 3a;
∼95 mW laser power and ∼1925 m/s) and ‘on both edges faster’
(Fig. 3b; ∼95 mW laser power and ∼1925 m/s) laser curing condi-
tions, three times for ‘adjacent faster (low power)’  (Fig. 3a; ∼55 mW
laser power and ∼1675 m/s) laser curing condition, and fourteen
times for the ‘adjacent fastest’  (Fig. 3a; ∼95 mW laser power and
∼13,500 m/s) and ‘on both edges fastest’  (Fig. 3b; ∼95 mW laser
power and ∼13,500 m/s) laser curing conditions (see Table 2).
Fig. 4 illustrates the SEM images of the ink cured using faster speed
and lower power as compared to the ‘on edge previous work’ curing
condition and the experimental results from this experiment are
summarized in Table 2.
Although the ‘on edge previous work’ (Fig. 3c; ∼95 mW laser
power and ∼480 m/s) curing case did present the best condition
for laser curing the ink in terms of lowest measured trace resistance,
the substrate material was severely charred (see Fig. 2a) by the high
laser power and low traverse speed (Lopes et al., 2012). For laser
curing conditions ‘adjacent faster’ and ‘adjacent faster (low power)’,
the substrate was also charred although there was relatively less
 et al., 2012). Inset: optical microscopic images of ink/substrate.
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‘adjace nt’ loca tion  ‘on both  edges’ 
location 
‘on edge’ lo cation ‘on  ink ’ loca tion 
a cb d
Fig. 3. Different scanning locations analyzed during the laser curing experiment.
Table 2
Measured trace resistance using different laser curing parameters.
Laser curing condition SL parameters
(critical exposure,
Ec = 11.8 mJ/cm2)
Laser scanning
conditions
Supplied laser
energy
Observation Measured trace
resistance (12
passes avg.) ()
Laser power
(mW)
Dp Scan speed
(m/s)
Time/
scan (s)
No. of
scans
Total
energy (J)
% difference
from nominal
‘on ink previous work’
(Lopes et al., 2012)
∼95 1.25 ∼480 ∼54.25 1 ∼5.15 0 Discoloration 1.77
‘on  edge previous work’
(Lopes et al., 2012)
∼95 1.25 ∼480 ∼54.25 1 ∼5.15 0 SL charring 1.33
‘on  both edges faster’ ∼95 1.5 ∼1925 ∼27 2 ∼5.13 −0.3 SL charring 2.3
‘on  both edges fastest’  ∼95 2 ∼13,500 ∼3.85 14 ∼5.1 −0.9 No SL charring 44.30
‘adjacent faster’ ∼95 1.5 ∼1925 ∼27 2 ∼5.13 −0.3 SL charring 1.82
 1
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t‘adjacent faster (low
power)’
∼55 1.5 ∼1675 ∼31 
‘adjacent fastest’  ∼95 2 ∼13,500 ∼3.85
harring (Fig. 4a and b) when compared to the ‘on edge previous
ork’ curing condition (high laser power at low scan speeds). The
harring effect similar to the ‘adjacent faster’ condition was  seen
or the ‘on both edges faster’ laser curing condition. The charring of
he SL substrate decreased as laser power decreased and/or scan
peed increased while supplying the same total laser energy. How-
ver, the resulting trace resistance values using low power and
ncreased scan speed were also higher. Further experimentation
as conducted to ﬁnd the laser curing condition that did not char
he SL substrate while scanning on the ‘adjacent’ scanning location.
able 2 summarizes the results of the different experimental con-
itions that were compared as part of the follow-on laser curing
xperiment.The ‘adjacent fastest’  and ‘on both edges fastest’  laser curing condi-
ions were determined to not char the SL substrate while providing
he same laser energy as the other laser curing conditions due
Fig. 4. SEM images of ink cured using different laser curing condition3 ∼5.11 −0.7 SL charring 9.125
4 ∼5.1 −0.9 No SL charring 38.87
to the lower instantaneous power. However, these laser curing
conditions also resulted in the highest measured trace resis-
tances as compared to the other curing conditions, as seen in
Fig. 5.
In summary, the results indicate that the conductive ink trace
can be cured by irradiating the laser directly on the ink, the sub-
strate, or the edge (half ink, half substrate) with respect to the ink
channel. Laser curing on the edge of the channel at low speeds
and high laser power resulted in the lowest trace resistance, but
charred the SL substrate. Alternatively, the laser conditions which
did not char the SL substrate resulted in the highest measured trace
resistance. In conclusion, irradiating the laser on the ink (Fig. 3d;
∼95 mW laser power and ∼480 m/s) did not damage the ink or the
substrate, while providing trace resistances similar to the ‘on edge
previous work’ laser curing condition represents the most viable
laser curing alternative.
s. Inset: optical microscopic images of ink/substrate interface.
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.3. Additional oven curing effect on trace resistance
The fundamental goal of the investigation of laser curing is to
nsure that intermediate ink depositions are sufﬁciently cured to
llow for continued SL fabrication without ink contamination of
he liquid photocurable polymer and to simultaneously improve
he conductivity of the conductors. Oven curing alone is consid-
red to be insufﬁcient as fully embedded ink traces are assumed to
ot cure entirely, and in liquid form, would mix  with and contami-
ate the photocurable polymer. However, intermediate laser curing
oes not preclude a subsequent thermal oven cure after completing
ll SL fabrication – if an oven curing process could provide an addi-
ional beneﬁt to conductivity. The purpose of this experiment was
1) to investigate the minimum number of in situ laser scanning
asses required during ink curing to avoid ink contamination of the
esin and then (2) to determine if oven curing of partially laser cured
nk traces while completely embedded in the SL structure is suc-
essful. Several laser curing parameters including laser power, scan
peeds, scanning locations, and number of laser passes were exam-
ned. This ink curing approach has the potential to reduce overall
rocessing time by identifying the best pre-cure laser process, in
he context of a follow-on oven cure. The laser scanning param-
ters and conditions used for this experiment are summarized in
able 3.
The E1660 conductive ink was dispensed in the ink channels
escribed in Section 3.2, and cured, using each experimental con-
ition given in Table 3. The DP traces on these samples were
mbedded using the ProtoThermTM 12120 resin, which was dis-
ensed using a syringe and cured using a UV light source (Green
pot, UV Source, American Ultraviolet Company, Torrance, CA). A
luke 287 True RMS  Multimeter (Fluke Corp., Everett, WA)  was  uti-
ized to measure the trace resistances on all samples before and
fter oven curing the samples at 80 ◦C for 16 h. Although not a
omplete statistical study, the preliminary results, as shown in
ig. 6, indicate that oven curing enhances the conductivity (or low-
rs the measured resistance) of an ink trace regardless of its initial
aser cured state. Additionally, the ﬁnal post oven-cured resistance
epended on the initial trace resistance.60 J represent ±1 standard deviation; error bars not shown at other data points for
As seen from Fig. 6, increasing the number of laser scanning
passes prior to embedding the conductive traces resulted in a lower
measured trace resistance after oven curing. An interesting obser-
vation was that the ‘on ink’ laser condition after 60 J and the ‘on
edge’ condition after 60 J had the same trace resistance (0.3 ),  after
additional oven cure although the ‘on edge’ was  lower prior to the
oven cure. For comparison purposes to other reported low temper-
ature cured ink performance, this resistance should be reported in
resistivity; however, changes in the cured ink thickness are typi-
cally non-uniform across the length of the trace. Using the E1660
manufacturer’s estimation on typical ink thickness shrinkages dur-
ing curing (50–75%) the resistivity after the oven curing process is
calculated to be between the range of 105.5 and 211  cm (for
reference; resistivity of bulk silver is 1.59  cm and resistivity of
bulk copper is 1.68  cm). The ink performance therefore is 1% of
the conductivity of bulk copper as used in traditional printed cir-
cuit board technology – typically in layer thicknesses of 37 m.
Conductive inks provide dramatic ﬂexibility in the manufacture
of electronics as dispensing processes can fabricate conformal or
3D traces; however, inks – when cured at low temperatures due
to the limits imposed by the substrate – will always be relegated
to low power/low performance applications in electronics due to
their inherent high resistivity. To overcome the challenges associ-
ated with conductive inks, Espalin et al. (2014) developed a next
generation machine with multiple AM technologies to produce
much improved 3D, multi-material, and multi-functional structural
electronic devices. A novel thermal embedding technology was  uti-
lized to insert copper wires for electrical interconnections within
thermoplastic dielectric structures and minimize the limitations of
conductive inks (Espalin et al., 2014).
Based on the results, a combined procedure involving par-
tial laser curing of conductive traces to eliminate contamination
between SL resin and uncured ink during fabrication and post fabri-
cation thermal curing to minimize trace resistance was  determined
to be the preferred ink curing procedure for 3D structural electronic
fabrication. Roberson et al. (2012) demonstrated an ohmic ink cur-
ing method to reduce the resistivity of particulate conductive ink
traces, which could provide a possible option for further improving
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Table  3
Laser curing conditions for examining oven curing effects on trace resistance.
Laser scanning location (Fig. 3) Laser power (mW)  Scan speed (m/s) Scanning time (s) Energy supplied (J)
‘on ink’  ∼95 ∼480 54, 270, 648 5, 25, 60
∼480
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m‘on  edge’ ∼95
‘adjacent faster’ ∼95 ∼
‘adjacent faster (low power)’ ∼55 mW ∼
lectrical performance. This research did not include investigating
he effect of depth or length of the embedded trace on oven curing
ffectiveness and future research will include identifying allow-
ble depth and length of the embedded traces to enable effective
nk curing while eliminating ink resin contamination.
.4. Effect of laser curing on a variety of inks
In order to determine if a speciﬁc type of ink was more respon-
ive to laser curing and decide if the ink curing results could be
eneralized, a variety of conductive inks – including those that
ave structure, composition, and curing properties different from
he E1660 conductive ink used for this research (see Section 2.2) –
ere investigated. For this experiment, the E1660 conductive ink
as deposited in ink channels, previously described (see Section
.2), and the ‘on ink’  laser curing condition (‘on ink’  scanning loca-
ion (Fig. 3d), ∼95 mW laser power, ∼480 m/s  scan speed) was
epeated for different types of inks. As part of this investigation, the
CI-300 nanoparticle ink, CB-100 conductive via plug, and CB028
ere analyzed. The CCI-300 had a different particle structure, the
B-100 was a high viscosity/low shrinkage ink, and the CB028 had
 different composition than the E1660 ink.
As shown in Fig. 7, the ‘on ink’  laser curing condition, which
ffectively cured the E1660 ink was ineffective for curing inks with
undamentally different particle structure, binder base, and viscos-
ty. Laser curing of the CB-100 conductive via plug did not record
ny reading on the multi-meter and hence was  not included in
he graph. The relatively higher temperature curing conditions and
igh viscosity, coupled with high reﬂectivity of silver at 355 nm
avelength, may  explain the lack of conductivity for the CB-100 ink
ig. 6. Effect of oven curing on trace resistance of different laser cured ink traces (error ba
arkers; error bars show non-uniform standard deviation due to the log scale; n = 3).648 60
 54, 270, 648 5, 25, 60
 1116 60
indicating that the laser energy did not heat the ink sufﬁciently to
initiate curing of the ink trace. Similarly, the CCI-300 nanoparticle
silver ink demonstrated ineffective curing using the given laser cur-
ing condition. For nanoparticle silver based inks conduction occurs
by sintering of individual nanoparticles via thermal curing of the
ink mixture. Thus, SL laser curing may  not work for nanoparticles
and high viscosity inks due to possible ineffective energy transfer
from the laser to the nanoparticles or binder. The CB028 ink was
structurally most similar to the E1660 ink but demonstrated trace
resistances that were higher when compared to the E1660 ink. The
observed differences between these two  inks included the color of
the ink mixture (E1660 was silvery and CB028 was greyish) and the
size of the ﬂakes. As a result, the absorption of laser energy and sub-
sequently the ink curing effectiveness may  have been affected by
the silver particles, solvent, and binder base, since in part the reﬂec-
tivity of silver particles varies according to the wavelength (Hecht,
2002). Also, the smaller silver ﬂakes coupled with relatively poor
solvent evaporation might have reduced the percolation effect in
the CB028, which may  have led to higher trace resistances (Saraf
et al., 1995).
In summary, the 355 nm wavelength laser may  not be effective
for curing many commercially available conductive inks as a result
of ineffective energy transfer due to unfavorable particle morpholo-
gies and binder types, among possible other factors. Furthermore,
each ink solution needs to be analyzed (e.g., particle type and shape
and type of binder) in order to determine the most effective laser
curing parameters, including laser wavelength, for satisfactory con-
ductive ink curing. Although not a statistical study, this experiment
helped understand some parameters to consider when laser curing
commercially available conductive inks. Future work is required to
rs represent ±1 standard deviation; error bars not seen in the graph are within the
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etermine the laser parameters (energy and wavelength) needed
or effectively curing a variety of inks and to help generalize the
aser curing process.
.5. Effect of laser wavelength on ink curing
Prior to the research presented in this paper, Lopes et al.
2012) performed a steady-state experiment that related incident
aser beam power to the corresponding steady-state substrate
emperatures. For this experiment, the steady-state temperature
easurements were 83 ◦C for a bare thermistor, 75.5 ◦C with
203.2 m of cured SL resin on top of the thermistor, and 47 ◦C
ith an additional ∼140 m layer of uncured ink on top of the resin.
he reﬂectivity of silver in the UV spectrum is complex and varies
apidly from ∼0% at laser wavelengths of 316 nm to over 90% at
75 nm with a reﬂectivity of ∼85% at 355 nm (Hecht, 2002). As a
esult, the high reﬂectivity of silver at 355 nm may  help explain
he reduced energy absorption by the silver particles resulting in
 lower measured thermistor temperature for this experimental
ondition.
Early generation SL systems utilized a continuous laser at
25 nm wavelength and, given the low reﬂectivity at this wave-
ength (∼10%), the 325 nm laser may  present a viable alternative
or improved in situ laser curing of silver inks. Earlier versions of SL
ystems utilized a 325 nm HeCd laser, but the short laser lifetime
esulted in the commercial shift toward the solid-state, 355 nm
avelength laser for SL fabrication. Despite this limitation, the
eﬂectivity graph (inset in Fig. 8) for silver provided motivation to
nalyze the 325 nm wavelength laser as a source for curing conduc-
ive inks. As a result, an experiment was carried out with a 325 nm
avelength HeCd laser (Omnichrome, Series 74) using the same
on ink’  laser curing condition (‘on ink’  scanning location (Fig. 3d),
0 J total energy in increments of 5 J) carried out with the 355 nm
aser as described in the earlier section. The E1660 silver-based
onductive ink was deposited ink channels, previously described
n Section 3.2. A separate laser scanning ‘stl’ ﬁle having width of
54 m (0.010 in.) was created to cure the ink using the ‘on ink’supplied after each laser pass which took ∼54 s at ∼95 mW laser power (error bars
 the log scale; n = 4).
scanning location. The ‘stl’ ﬁle was utilized to cure the ink traces at
17 mW laser power for ∼300 s to provide the same energy per data
point (∼5 J) as the ‘on ink’  laser curing condition with the 355 nm
DPSS laser at ∼95 mW for ∼54 s. The laser power for the 355 nm
laser was selected such that the combination of laser power and
scan time could not damage the scanning mirrors of the respective
systems. The laser power for the 325 nm laser was  selected based on
the highest steady state power available in the laser at the time of
the experiment. The resistance across the trace was recorded using
a Keithley 2000 series multimeter at time points corresponding to
3 min  after every 5 J of energy supplied by the laser. The results are
summarized in Fig. 8.
For the E1660 ink, the results indicate that laser curing at 325 nm
wavelength was more effective in curing the conductive trace as
compared to the 355 nm wavelength during the ﬁrst phase of ink
curing process (up to 30 J of energy supplied). Hecht (2002) illus-
trated that silver exhibits lowest reﬂectivity at a wavelength of
∼316 nm (see Fig. 8: inset, Hecht, 2002). However the effective-
ness of the subsequent supplied (or incident) laser energy reduced
and the trace resistances converged within 0.5  after 12 passes for
the two  wavelengths. There was  also no evidence of discoloration
on the ink trace (as seen in Section 3.2 while using the 355 nm laser)
when laser curing at 325 nm wavelength due to the combination of
low laser power and faster scan speed. The results indicate that the
325 nm wavelength may  perform better than the 355 nm wave-
length for curing silver particulate based conductive inks using a
UV laser while supplying the same laser energy. However, there
are many factors that affect measured trace resistance and further
experiments comparing the 355 nm and 325 nm wavelength lasers
at the same laser power and scans speeds are required to determine
more comprehensive conclusions.
3.6. Statistical study comparing 355 nm and 325 nm wavelength
lasers
The results from the previous section indicated there were
differences in laser curing on trace resistance for two laser
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analysis of the comparison of the 325 nm laser and 355 nm lasers
is summarized in Table 4.
The statistical analysis indicates that the t statistic |t0| = 6.381
is greater than t0.025, 17 = 2.110, so that we can reject the null
Table 4
Results of paired two sample t-test for means.
325 nm laser 355 nm laser
Mean 10.945 38.528
Variance 193.605 826.601
Observations 18 18
Pearson correlation 0.855
Hypothesized mean difference 0.000
Df 17
t Stat −6.381ig. 8. Effect of laser wavelength on trace resistance using ‘on ink’ curing (error bars
rror  bars show non-uniform standard deviations due to the log scale; n = 4). Inset:
avelengths. To make statistical comparisons between the two
aser wavelengths, a more detailed experiment was  designed and
erformed in which the ink, laser power, and scanning location
ere kept constant and different laser wavelengths, scan speeds,
nd scan times (in terms of number of scans) were compared. The
xperiment was conducted under the hypothesis that the 325 nm
avelength laser cured the conductive ink better than the 355 nm
avelength laser, given the same laser curing conditions.
A sample test piece with four separate rectangular blocks hav-
ng the previously described ink channels and a rectangular pad
or attaching copper tape at each end was fabricated using SL (see
ection 3.2). Each rectangular block was cleaned using the resin
anufacturer’s recommended solvent, dipropylene glycol n-propyl
ther, DPNP (Univar, Redmond, WA), for removing uncured resin,
nd commercially available isopropyl alcohol (IPA) to assist in the
vaporation of the DPNP solvent after cleaning. After cleaning the
L parts, copper pads were attached in the respective slots and
he E1660 particulate silver-based ink was deposited in the ink
hannels. Separate laser scanning ‘stl’ ﬁles having width of 254 m
0.010 in.) were created to cure the deposited ink. The separate laser
uring ‘stl’ ﬁles were utilized to cure the ink traces at ∼30 mW laser
ower at selected scan speeds and number of scans.
As part of this experiment, two laser wavelengths (355 and
25 nm), two laser scan speeds (333 and 500 m/s), and three scan
urations (in terms of number of scans) (20, 40, and 60 scans) were
nalyzed. For each set of experimental conditions (12 total; 6 per
aser wavelength), trace resistance measurements were read using
he Fluke 287 True RMS  Multimeter with three replicates measured
nd analyzed. The experimental sequence was completely random-
zed using a random number generator for the 36 experimental data
oints.
Preliminary analyses of the experimental data for the 333 m/s
can speed and 500 m/s  scan speed led to the identiﬁcation of a
ew experimental outliers. Upon further examination of those sam-
les, it was discovered that in the case of the outliers, the copper
onnection pad had shifted, resulting in a distorted resistance read-
ng. These experimental data points (6 out of 36) were repeated, in
andom order, and data from these repeat experiments were used
or the analysis.ent ±1 standard deviation; error bars not seen in the graph are within the markers;
tance vs. wavelength curves for Au, Ag, Al, and Cu (Hecht, 2002).
For the statistical study, the difference between the resistance
readings for the 325 nm laser and 355 nm laser across all experi-
mental conditions (18 each) were compared using a ‘Paired Two
Sample for Means’ t-Test. The hypothesis tested using this statisti-
cal study was  that the resistance value after curing with a 325 nm
(R1) is less than the resistance value after curing with a 355 nm laser
(R2) across similar experimental conditions.
H0 : R1 = R2
H1 : R1 < R2
Fig. 9 summarizes the results from the statistical study. Overall,
the results indicated that the 325 nm wavelength laser provided
better volumetric ink curing than the 355 nm wavelength laser. The
results further indicated that the 325 nm wavelength laser cured
the ink faster than the 355 nm wavelength laser as indicated by
the minimal difference between the resistance values at 40 and 60
scans.
The graphs also indicate that the variation in the experimental
data points reduced as the number of scans increased. The statisticalP(T ≤ t) one-tail 0.0000034
t  critical one-tail 1.740
P(T ≤ t) two-tail 0.0000068
t  critical two-tail 2.110
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ypothesis. Both ‘P values’ were less than the selected ˛, 0.05, so
he results were statistically signiﬁcant. Additionally, the experi-
ental data were evaluated using an analysis of variance (ANOVA)
 General Linear Model. The results indicated that the effects of
avelength, scan speed, and number of scans were statistically
igniﬁcant on the measured trace resistance. The pairwise com-
arisons using the Bonferroni Method at 95.0% conﬁdence level
ndicated that the average measured trace for 325 wavelength laser
mean of 10.9 )  was, statistically, signiﬁcantly different (lower)
han the average measured trace for 355 wavelength laser (mean
f 38.5 ).
. Discussion and conclusions
In situ UV laser curing of conductive inks using the SL laser is
 critical enabler for successful fabrication of 3D electrical circuits
ithin a stereolithography-fabricated substrate using a hybrid ste-
eolithography (SL)/direct print (DP) manufacturing system. This
aper described results of several experiments carried out to inves-
igate the feasibility of using commercially available SL lasers for
uring conductive ink traces. Experiments were performed using
wo laser wavelengths, several inks, and different scanning dynam-
cs (scan speeds, laser power, and scanning locations) to determine
he conditions for most effective in situ laser curing of DP-dispensed
onductive ink traces within a SL system. The experimental results
ndicated that standard SL lasers can be utilized to cure a ﬂake-
ased silver ink trace effectively using on ink scanning (directly on
he ink) since off-axis laser curing, although more effective, chars
he substrate and could result in delamination and may  subse-
uently impact build reliability.
Experiments determined that thermal post-curing of partially
ured ink traces enhances the conductivity of an embedded trace
egardless of initial partially-cured state, thereby eliminating the
eed for complete laser curing prior to embedding the trace and
hereby reducing overall fabrication time. Future work will include
nvestigating the effect of depth and length of the embedded trace
n oven curing effectiveness to help identify allowable depths
nd lengths of embedded traces for the post-fabrication oven cur-
ng process. A statistical study determined that laser curing at
25 nm wavelength demonstrated better volumetric ink curing
lower measured resistance) as compared to the 355 nm wave-
ength for curing silver particulate based conductive inks. However,
olid state lasers (355 nm DPSS laser) have a higher life expectancy
han HeCd lasers (325 nm Omnichrome laser) and may  present
 better laser curing option (in terms of cost, for example) over
he lifetime of the laser (Partanen, 1996). In conclusion, given therent wavelengths and scan speeds.
limitations of the SL system and available laser, the best alternative
for laser curing of conductive inks may  be to utilize the 355 nm DPSS
laser with post-oven cure, in the context of fabricating embedded
3D structural electronic systems in one single build.
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